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Abs t rac t  I n t r o d u c t i o n  
Gas t u r b i n e  engine i n l e t  parameters r e f l e c t  The emission l e v e l s  from a gas t u r b i n e  combus- 
t o r  are inf luenced by ambient cond i t i ons  as w e l l  as 
by i n t e r n a l  c h a r a c t e r i s t i c s  which i nc lude  the  spray 
vapor i za t i on ,  t h e  m ix ing  of t h e  fue l  and a i r  and 
t h e  can aerodynam'cs A s e r i e s  of  experiments 
a t u r e  o s c i l l a t i o n s  f rom 200°F t o  28OOOF w i t h i n  
the  combustor. These r e s u l t s  suggest a l a c k  Of  
pe r fec t  m ix ing  i n  the  combustor and hence Sig- 
n i f i c a n t  v a r i a t i o n  o f  t h e  l o c a l  f u e l - a i r  r a t i o s .  
The exper imental  p a r t  o f  t he  work o u t l i n e d  here 
cons is t s  of  a study o f  t h e  m ix ing  process as r e -  
f l e c t e d  i n  the  l o c a l  f u e l - a i r  r a t i o .  
The e f f e c t s  of ambient cond i t i ons  and the  
spray p r o p e r t i e s  on t h e  emissions were s tud ied  w i t h  
a s t i r r e d  r e a c t o r  model. Osgerby2 has categor ized 
c u r r e n t  models of gas t u r b i n e  combustors as tu rbu -  
l e n t  flame speed models, microvolume burn ing models 
o r  s t i r r e d  r e a c t o r  models. Only the  s t i r r e d  reac- 
t o r  models a re  capable of p r e d i c t i n g  gross opera t i ng  
c h a r a c t e r i s t i c s .  Soph is t i ca ted  computer programs 
a re  a v a i l a b l e  which model t he  i n t e r n a l  f l ow- f i e ld ,  
t he  e f f e c t s  of turbulence and j e t  pene t ra t i on ,  and 
the  dynamics of t he  vapor i z ing  f u e l  spray coupled 
w i t h  k i n e t i c  schemes o f  d i f f e r i n g  complexity3.4. 
These models a re  in tended t o  a i d  i n  t h e  design 
process r a t h e r  than t o  p r e d i c t  p o l l u t a n t  l e v e l s  i n  
W Nomenclature t h e  exhaust.  S t i r r e d  r e a c t o r  models a l l o w  f o r  
d e t a i l e d  k i n e t i c  schemes w i thou t  making the  numer- 
c s p e c i f i c  heat o f  gas i c a l  c a l c u l a t i o n s  i n t r a c t a b l e .  The choice of  reac- 
CD drag c o e f f i c i e n t  t o r  volumes can be made a t  var ious l e v e l s  of com- 
g g r a v i t a t i o n a l  a c c e l e r a t i o n  p l e x i t y .  The s t i r r e d  r e a c t o r  model descr ibed here 
k thermal c o n d u c t i v i t y  of gas was kept  s t ra igh t fo rward  so t h a t  the e f fec t  of  
L l a t e n t  heat of vapor i za t i on  ambient cond i t i ons  and spray p r o p e r t i e s  cou ld  be 
f i f  forced vapor i za t i on  r a t e  seen e a s i l y .  Th is  model combines f i n i t e - r a t e  vapor- 
fi, s t a t i c  vapor i za t i on  r a t e  i z a t i o n  o f  t h e  f u e l  spray w i t h  f i n i t e  r a t e  chemist ry  
P r  P rand t l  number t o  generate cons is ten t  temperatures and emissions 
Q heat of  combustion w i thou t  r e q u i r i n g  l a r g e  execut ion times. 
Re Reynolds number 
r f u e l - a i r  r a t i o  
t t ime Exper imental  Program 
V a  a i r  v e l o c i t y  
V f  f ue l  drop v e l o c i t y  Test  Apparatus 
V r e l  r e l a t i v e  v e l o c i t y  
Yo oxygen concentrat ion The exper imental  measurements were made i n  t h e  
AP pressure drop across can t e s t  r i g  shown i n  F ig .  1 which accu ra te l y  s imulates 
APN pressure drop across nozz le  i d l e  cond i t i ons  f o r  a s i n g l e  JT80-17 combustor can. 
AT d i f ference between gas temperature and f u e l  The r e l e v a n t  parameters are:  6 = 3.0 lbmlsec, 
P = 2 . 5  atm, T = 250°F, and f u e l - a i r  r a t i o  = ,0117. 
Pa dens i t y  o f  a i r  The a i r  which i s  suppl ied by a blow down storage i s  
pf dens i t y  o f  l i q u i d  measured by a choked nozzle and e l e c t r i c a l l y  hea ted  
The d i f f u s e r  sec t i on  produces a uniform v e l o c i t y  
p r o f i l e ,  65 f t l s e c ,  w i t h  a turbulence l e v e l  of 
approximately 18%. The pressure i n  t h e  t e s t  s e c t i o n  
i s  c o n t r o l l e d  by the  a d d i t i o n  o f  a i r  a t  a choked 
o r i f i c e  p l a t e  l oca ted  downstream o f  t h e  combustor. 
changes i n  l o c a l  atmospheric cond i t i ons .  The p o l -  
l u t a n t  emissions f o r  t h e  engine r e f l e c t s  these 
changes. I n  at tempt ing t o  model t he  ef fect  of  t h e  
changing ambient cond i t i ons  on t h e  emissions i t  was 
found t h a t  these emissions e x h i b i t e d  an extreme 
s e n s i t i v i t y  t o  some o f  t h e  d e t a i l s  of t h e  combustion 
process such as t h e  l o c a l  f u e l - a i r  r a t i o  and the  
s i z e  o f  t he  drops i n  t h e  f u e l  spray. F u e l - a i r  
r a t i o s  have been mapped under nonburning cond i t i ons  
us ing  a s i n g l e  JT8D-17 combustion can a t  s imulated 
i d l e  condi t ions,  and s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  
l o c a l  values have been found. Model l ing o f  t h e  
combustor employs a combination of  p e r f e c t l y  s t i r r e d  
and p l u g  f low reac to rs  i n c l u d i n g  a f i n i t e  r a t e  
vapor i za t i on  t reatment  of  t he  fuel  spray. Resul ts  
show t h a t  a small increase i n  the  mean drop s i z e  can 
l e a d  t o  a l a r g e  increase i n  hydrocarbon emissions 
and decreasing t h e  va lue of t he  CO-OH r a t e  constant  
can l e a d  t o  l a r g e  increases i n  the  carbon monoxide 
emissions. These emissions may a l so  be affected by 
t h e  spray c h a r a c t e r i s t i c s  w i t h  l a r g e r  drops r e t a r d -  
i n g  t h e  combustion process. 
monoxide, and oxides o f  n i t r o g e n  emissions ca lcu-  
l a t e d  us ing t h e  model accu ra te l y  r e f l e c t  measured 
emission v a r i a t i o n s  caused by changing engine i n l e t  
cond i t i ons .  
performed by D i l s  j '  show peak-to-peak gas temper- 
Hydrocarbon, carbon 
b o i l i n g  p o i n t  
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As the  t e s t  r i g  i s  c o l d  f l o w  w i t h  no combustion 
occurring the injection a d vaporization of J~~ A 
fuel  would have been too  slow t o  accu ra te l y  rep re -  
sent t h e  process in a burning combustor. ~~~~~~d 
i n d o l i n e  HO I 1 1  as suppl ied by Amoco was s u b s t i t u t -  
ed. It was heated w i t h i n  a heat  exchanger t o  
space Engineering, Member AIM. b 
Copyrighl 0 Americsn Insti~ulc of Aeronaullessnd 
A ~ l r o n a ~ t i ~ ~ ,  Inr., 1980. All rlghls rewued. 
250°F a t  a pressure o f  500 ps ia.  
observat ions w i t h  a baroscope t h e  f u e l  q u i c k l y  va- 
p o r i  zed a f t e r  i n j e c t i o n .  
The sampling system cons is ts  of a heated four-  
p o r t  probe and a p o r t  se lec to r .  The four  p o r t s  a re  
loca ted  a t  r a d i a l  d is tances o f  R = .25, 1.0, 2.0, 
dnd 3.0 in. from t h e  center  l i n e  w i t h  t h e  f i r s t  be- 
i n g  designated as R = 0. The probe may be t rans-  
l a t e d  i n  the z d i r e c t i o n  a long t h e  ax is  o f  the com- 
bus tor  can and i n  t h e  8 d i r e c t i o n  sweeping o u t  each 
combustor plane. 
was.measured us ing a S c o t t  Flame I o n i z a t i o n  Detector, 
FID, o r  a Lambda Scan Equivalence R a t i o  Meter. The 
FID measured unburned hydrocarbons i n  a sample, and 
s ince hydrocarbons and a i r  a re  the o n l y  c o n s t i t u -  
ents ,  t h e  f u e l - a i r  r a t i o  i s  e a s i l y  ca lcu la ted .  The 
F I D  i s  on ly  capable though o f  measuring a maximum 
o f  100.000 o m  o f  hvdrocarbons. The Equivalence 
As v e r i f i e d  by 
The f u e l - a i r  r a t i o  of the sample 
Rat io  Meter'was t h i s  acquired so  t h a t  measurements 
could be made w e l l  i n t o  the pr imary zone, where 
there  i s  a h igher  concent ra t ion  of fue l .  I t s  opera 
t i o n  i s  based on t h e  measurement o f  res idua l  oxygen 
concent ra t ion  a f t e r  a Sam l e  has been mixed w i t h  
a d d i t i o n a l  a i r  and burned . 
Test ing  Methodology 
The a i r  and f u e l  f lows were s e t  and t h e  probe 
was p laced a t  a des i red  a x i a l  combustor l o c a t i o n  
w i t h  t h e  e x i t  o lane beino considered as t h e  o o i n t  of 
o r i g i n .  Measirements we;e then made f o r  each of the 
four r a d i i  a t  every 10' around t h e  p lane.  The r e l a -  
t i o n s h i p  between t h e  sampling l o c a t i o n s  and the 
combustor geometry i s  g iven i n  F ig .  2. 
Experimental Resul ts  
F igs.  3 t o  11. I n  t h e  f i r s t  t h r e e  f igures  the value 
o f  the f u e l - a i r  r a t i o  i s  g iven f o r  t h e  e x i t ,  7 i n .  
and 11 i n .  planes. f o r  a l l  f o u r  r a d i i .  and f o r  a l l  
Representative f u e l - a i r  r a t i o  data i s  shown i n  
angular  p o s i t i o n s :  A t  the e x i t  p lane. the  f u e l - a i r  
r a t i o  v a r i a t i o n  i s  minimal as of course i s  demanded 
by t u r b i n e  i n l e t  temperature u n i f o r m i t y  considera- 
t i o n s .  However, as one moves upstream v a r i a t i o n s  
i n  the f u e l - a i r  r a t i o  becomes more severe even 
though t h e  7 i n .  plane i s  upstream of a major a i r  
i n l e t  l o c a t i o n .  Genera l ly  speaking, as one would 
expect, t h e  v a r i a t i o n s  are  l e a s t  f o r  small  r a d i i .  
The l a c k  o f  c y l i n d r i c a l  symmetry i s  perhaps somewhat 
s u r p r i s i n g  w i t h  v a r i a t i o n s  i n  t h e  f u e l - a i r  r a t i o  o f  
as much as 100% f o r  a 10" azimuthal change. This  
e f fec t  i s  perhaps most c l e a r l y  shown i n  the next  
two a t  5 i n .  and 9 i n .  planes, F igs.  6 and 7 ,  where 
t h e  f u e l - a i r  r a t i o  has been averaged over the d i f -  
fe ren t  r a d i i .  If t h i s  type  of p l o t  i s  examined f o r  
a l l  planes one f inds ,  f o r  example, a cons is ten t  
fue l  d e f i c i t  i n  t h e  v i c i n i t y  of 100" and a f u e l  
surp lus i n  t h e  v i c i n i t y  o f  300'. I n t e r p o l a t i o n  o f  
t h e  data f o r  an e n t i r e  p lane g ives r e s u l t s  such as 
i n  F igs.  8 t o  11. The he igh t  o f  the p l o t  ( a t  
Dresent unscaled) s ives  t h e  f u e l - a i r  r a t i o  and the 
azimuthal as w e l i  a s  t h e  p o l a r  perspec t ive  i s  i n d i -  
cated. 
r a t i o  v a r i a t i o n  w i t h  perhaps a somewhat s u r p r i s i n g  
These p l o t s  e f f e c t i v e l y  show t h e  f u e l - a i r  
uniform reg ion  near t h e  edge. 
quant ized t o  some e x t e n t  as i n  Table I. For each 
p lane t h e  average va lue of t h e  f u e l - a i r  r a t i o  has 
been c a l c u l a t e d  as w e l l  as t h e  standard dev ia t ion .  
If t h e  standard d e v i a t i o n  i s  n o n a l i z e d  as i n  the 
l a s t  column, a meaningful comparison between planes 
i s  p o s s i b l e  i n  t h a t  a l a r g e  va lue o f  t h i s  q u a n t i t y  
i n d i c a t e s  l a r g e r  v a r i a t i o n s  i n  t h e  f u e l - a i r  r a t i o .  
The data may be 
The th ree  planes w i t h  the smal les t  values are  t h e  
e x i t  and t h e  planes between d i l u t i o n  p o r t s  B and C 
on F i g .  2. The l a r g e s t  values o f  t h e  parameter 
occur f o r  planes loca ted  downstream o f  major d i l u -  
t i o n  p o r t s  D and B. The experimental measurements 
indeed seem t o  i n d i c a t e  t h a t  the f u e l - a i r  r a t i o  
w i t h i n  a combustor i s  f a r  from uniform. 
TABLE I. AVERAGE AND STANDARD DEVIATION OF THE 
FUEL-AIR R A T I O  
Average F u e l f A i r  Standard - a 
P1 ane Rat io ,  f / a  Deviat ion,  (I f / a  
F igure 1. Experimental Apparatus 
90' 
u u 
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Figure 3. Fuel-Air  Ra t io  a t  E x i t  Plane 
ANQULAR POSITION COEQ1 
Figure 4. Fuel-Air Ra t io  a t  7" Plane 
0.01- . . . 
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ANDLILAR POSITION COEQl 
Figure 5. Fuel-Air Ra t io  a t  11" Plane 
o'oly 5 INCH PLANE 
DATA AVERAGED 
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0. 30.60.90.12015018~lU24WCB0OmoJ60. 
ANGULAR POSITION 
Figure 6 .  Average Fuel-Air  Ra t ios  a t  5'' Plane 
DA TA A V E  RAGE D 
0. 30.60.90.12015018D21024m7~0LU3m60. 
ANGULAR POSITION 
Figure  7 .  Average Fuel-Air R a t i o  a t  9" Plane 
Figure 8. 3-D Fuel-Air Ra t io  f o r  8'' Plane 
Rot. = 210'; Elev. = 25 
A n a l y t i c a l  E f f o r t  
Emission Data 
The goal o f  the a n a l y t i c a l  p o r t i o n  o f  t h i s  
study i s  t o  p r e d i c t  emission l e v e l s  of hydrocarbons v 
(HC), carbon monoxide (CO), and oxides o f  n i t r o g e n  
(NOx) a s  a func t ion  o f  changing ambient cond i t ions  
fo r  a JT80-17 opera t ing  a t  i d l e  t h r u s t .  
emission data p r e v i o u s l y  obta ined by Kauffman e t  a1.6 
i s  given i n  Table I 1  f o r  a h o t ,  d ry  day (120°F, 0% 
r e l a t i v e  humid i ty ) ,  f o r  a h o t  wet day (120°F, 100% 
r e l a t i v e  humid i ty ) ,  and a co ld ,  d ry  day (-2O"F, 0% 
r e l a t i v e  humid i ty ) .  
hydrocarbon and carbon monoxide emission index i n -  
crease more r a p i d l y  w i t h  ambient humid i ty  increases 
than w i t h  ambient temperature decrease, and t h a t  t h e  
oxides o f  n i t r o q e n  emission index decreases more 
r a p i d l y  w i t h  humid i ty  increase than w l t h  temperature 
decrease. Also, as the fuel-air ratioincreases hydro- 
carbonsandcarbon monoxide decrease and the oxides of 
n i t r o g e n  increase.  
TABLE 11. EXPERIMENTAL E M I S S I O N  DATA 
Measured 
The r e s u l t s  show t h a t  the 
Pressure Rat io  = 2 
f / a  = 0.011 f / a  = 0.015 
120OF 1 2 O O F  -2O'F 120°F 120°F -20°F 
RH=O R H = l  RH=O RH=O RH-1 RH.0 
E I - H C  28.0 75.0 46.0 12.0 40.0 25.0 
NO 0.9 0.5 0 .6  1.1 0.5 0.7 
NOx 2.2 0.8 1.4 2.5 0.8 1.5 
CO 87.0 135.0 115.0 65.0 105.0 95.0 
Figure 9. 3-0 F u e l - A i r  Rat io  f o r  Plane 
Rot. = 275O; Elev. = 25 
F igure 10. 3-0 Fue l -A i r  Rat io  f o r  11" Plane 
Rot. = 190O; Elev. = 15' 
F igure 11. 3 - D F u e l - A i r  Rat io  f o r  ? ' I  Plane 
Rot. = 155O; Elev. = 7'
The combustor i n l e t  a i r  f low i s  l a r g e s t  on t h e  
Because c o l d  d r y  day and l e a s t  on the ho t  wet day. 
the f u e l - a i r  r a t i o  i s  a constant ,  the f u e l  f l o w  r a t e  
has the same t rend.  I f  t h e  p r i m a r y  fue l  nozz le 
alone i s  operat ing,  a h igher  fue l  f low r a t e  i s  t h e  
r e s u l t  o f  a l a r g e r  pressure drop across the nozz le 
which leads t o  improved a tomiza t ion  of the f u e l ,  
i . e .  a smal ler  Sauter Mean Qiameter (SMD). 
i s  thus expected t o  be l a r g e s t  on the h o t  wet day 
and smal les t  on t h e  c o l d  d r y  day. Fuel f low i n  
both the pr imary and secondary nozz le i s  more d i f f i -  
c u l t  t o  charac ter ize ,  so the bu lk  o f  the a n a l y t i c a l  
work has been done f o r  a pressure r a t i o  of two, as 
here o n l y  t h e  pr imary nozz le was i n  operat ion.  
Vapor izat ion Model 
Hydrocarbon emissions may be c a l c u l a t e d  by con- 
s i d e r i n g  the vapor iza t ion  of fue l  drops as they pass 
through a h igh  temperature environment matching t h a t  
w i t h i n  a combustor. 
of a fue l  spray was c a r e f u l l y  d e t a i l e d  by 
Marchionna7. 
drop o f  diameter D 
The SMQ 
The process of the evaporat ion 
The s t a t i c  vapor iza t ion  r a t e  f o r  a 
m = -  s c  2nkD en [I + r yo (I t p) t TI 
i s  enhanced by t h e  d r o p l e t  i n j e c t i o n  v e l o c i t y  
according t o  
if = (1 + 0.276 Re 0.5 pro.33) 
v where f o r  burn ing cond i t ions  Pr = 0.7. 
r e l a t i v e  v e l o c i t y  between the drop and t h e  a i r  i n  
the combustor i s  g iven by 
The i n i t i a l  
. 
2 2 2  




c and c2 being empi r i ca l  constants. The r e l a t i v e  
d l o c i t y  o f  course decreases due t o  drag forces on 
t h e  drop and i s  given by 
The sDrav i s  modelled as a Rosin-Ramnler d i s -  
t r i b u t i o n , ' b h  t h e  exact  d i s t r i b u t i o n  cou ld  be used 
if a v a i l a b l e .  The s i z e  range i s  d iv ided i n t o  21 
groups each represented by i t s  median diameter. 
The vapor iza t ion  r a t e  i s  computed f o r  each group 
and i s  assumed t o  be constant  f o r  0.1 ms. The Der- 
t i n e n t  v a r i a b l e s  i n  t h e  vapor iza t ion  equations a r e  
then updated. 
residence t ime p e r i o d  i n  a p a r t i c u l a r  combustor 
Th is  process i s  cont inued f o r  the 
zone o r  u n t i l  a l l  t h e  mass i n  t h e  p a r t i c u l a r  s i z e  
group has been vaporized. 
t h e  spray i s  considered t o  be a v a i l a b l e  f o r  t h e  
combustion process. 
carbon emissions when proper  cond i t ions  w i t h i n  each 
combustor zone are  speci f ied.  
e f f e c t  o f  residence t ime on emissions from a pr imary 
zone i s  shown i n  F ig .  12. As expected a smal le r  
residence t ime o r  l a r g e r  SMD leads t o  increased 
emissions. 
i s  i n  good agreement w i t h  hydrocarbon emission data 
obta ined by BuchheimB, F ig.  13 shows t h e  e f f e c t  o f  
ambient cond i t ions  on hydrocarbon emissions. 
r e a l i s t i c  S M D ' s  a r e  est imated as i n d i c a t e d  on t h e  
drawing t h e  hydrocarbon emissions fo l low t h e  t r e n d  
i n  Table 11. 
Brag!? Combustor 
The Bragg combustor i s  a gas phase o n l y  simula- 
t i o n  of a gas t u r b i n e  combustor us ing i d e a l i z e d  
reac tors .  The pr imary zone i s  represented by a per- 
f e c t l y  s t i r r e d  r e a c t o r  (PSR) and t h e  secondary and 
d i l u t i o n  zones a r e  represented by p l u g  f low reac tors  
(PFR). 
a re  al lowed accounting f o r  pr imary zone r e c i r c u l a -  
t i o n  w h i l e  i n  t h e  PFR o n l y  l a t e r a l  m ix ing  i s  a l l o w -  
ed. A f u l l  k i n e t i c  scheme i s  employed i n  order  t o  
p r e d i c t  t h e  carbon monoxide and oxides o f  n i t r o g e n  
emissions. There are  of course p r a c t i c a l l y  no 
hydrocarbon emissions. The computational code upon 
which t h e  model i s  based, CREK was o r i g i n a l l y  
developed by P r a t t  and Worrneckg. 
t o r  volumes are  g iven i n  F ig .  14. Th is  s imulates 
t h e  JT8D-17 a t  i d l e .  The fue l  i s  prevapor ized and 
in t roduced i n  t h e  pr imary zone. I n i t i a l  runs w i t h  
t h i s  model employing r e a c t i o n s  1-17 o f  t h e  k i n e t i c  
scheme i n  Table I 1 1  gave u n r e a l i s t i c a l l y  low carbon 
L monoxide emissions. The data i n  F ig .  15 shows how 
t h e  pred lc ted  carbon monoxide index depends upon t h e  
r a t e  constant  f o r  r e a c t i o n  2 (CO t OH = CO2 t H ) .  
The vaporized p a r t  o f  
The vapor iza t ion  model g ives r e a l i s t i c  hydro- 
For example t h e  " 
The emission s e n s i t i v i t y  t o  drop s i z e  
I f  
I n  t h e  PSR bo th  a x i a l  and l a t e r a l  m ix ing  
For t h i s  model t h e  a i r  f low schedule and reac-  
TABLE 111. K I N E T I C  SCHEME (S . I .  UNITS) 
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Figure  12. Hydrocarbon Emissions from Primary 
Zone f o r  Vapor izat ion Model 
i 
r e a c t i o n  1 was found t o  have l i t t l e  e f f e c t  on  
i nc reas ing  t h e  carbon monoxide emissions. As 
Table I V  shows, t h e  Bragg combustor i s  capable of 
p r e d i c t i n g  some r e s u l t s  which a re  of t h e  proper 
magnitude and t rends  even a t  h igh  power cond i t ions .  
w 




E f f e c t  o f  Ambient Condi t ions on 
Vapor iza t ion  Model 
F igure  13. 
i 
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Figure  14. Bragg Combustor Model 
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F igure  15. E f f e c t  of Rate Constant on 
Carbon Monoxide Emissions 
As t h e  measured emission i nd i ces  a re  of t h e  order  of  
10 t o  100 a pre-exponent ia l  r a t e  constant o f  105.65 
was employed i n  f u r t h e r  ca l cu la t i ons .  
cons tan t  i s  lower  than t h e  values a v a i l a b l e  i n  t h e  
l i t e r a t u r e .  I t  i s  a l so  known t h a t  carbon monoxide 
emissions a re  c o n t r o l l e d  by t h e  o x i d a t i o n  r a t e  i n  
t h e  secondary and d i l u t i o n  zones r a t h e r  than by the  
produc t ion  r a t e  i n  t h e  pr imary zone. As migh t  be 
expected, an inc rease i n  t h e  r a t e  cons tan t  f o r  
Th is  r a t e  
I d l e  Condi t ions ( P R  = 2 ;  f/a 
R l - R Z O ,  bl = 8.50, b2 = 
= 0.011) 
5.65 
Ambient 120'F 120°F -20°F 
Condit ions RH = 0 RH = 1 RH = 0 
E I - C O  230.3 176.6 293.1 
E I - N O  1.209 0.187 0.640 
EI-NO2 0.207 0.033 0.114 
EI-NOx 1.416 0.220 0.754 
Take-off Condi t ions (PR = 17.4, f / a  = 0.0182) 
Measured Ca lcu la ted  
E l - C O  0.55 1.38 
EI-NOx 24.4 10.4 
Coupled Model 
I n  t h i s  model vapor i za t i on  and k i n e t i c s  have 
been combined. The amount o f  vapor i za t i on  o f  t h e  
fue l  drops determines t h e  f u e l - a i r  r a t i o  and thus 
the  temperature which then determines the  amount 
o f  drop vapor i za t i on .  
t h e  coupled model, based upon temperature, i s  shown 
i n  F ig .  16. The p rev ious l y  descr ibed computational 
schemes a re  employed f o r  the  vapor i za t i on  and 
k i n e t i c  ca l cu la t i ons .  
the  Bragg combustor r e s u l t s  a re  reproduced. 
For  t h e  JT8D-17 t h e  compressor discharge condi-  
t i o n s  f o r  d i f f e r e n t  engine i n l e t  cond i t i ons  may be 
accu ra te l y  ca l cu la ted  and the  a i r  d i s t r i b u t i o n  pa t -  
t e r n  f o r  t h e  combustor has been accu ra te l y  measured. 
However, data r e l a t i n g  t o  the  fuel  spray charac ter -  
i s t i c s  i s  n o t  extensive.  Hence, i t  has been neces- 
sary  t o  conduct the  ca l cu la t i ons  t r e a t i n g  t h e  SMD 
as a v a r i a b l e .  The SMO's may then be est imated 
using an appropr ia te  r e l a t i o n s h i p .  
Figures 17 t o  19 show the  emission i nd i ces  
ca l cu la ted  f o r  a f u e l - a i r  r a t i o  o f  0.015 using 
reac t i ons  R1 through R17 of the  k i n e t i c  scheme. 
Using t h e  values of SMO's  i nd i ca ted  on the  f igures  
The i t e r a t i o n  scheme f o r  
L I n , t h e  l i m i t  of s m a l l  SMD's 
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PRESSURE R A T I O  - 2.0 
FUEL-AIR R A T I O  - 0.015 
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gives t h e  proper  ambient t rends f o r  t h e  hydrocarbon 
and carbon monoxide emission i n d i c e s .  
ox ide emission index shows t h e  proper  t r e n d  w i t h  
ambient cond i t ions  regard less  of t h e  SMD. For  a 
f u e l - a i r  r a t i o  o f  0.015 t h e  pr imary  zone i s  r i c h .  
As i nc reas inq  t h e  SMD decreases t h e  r a t e  o f  vapor- 
The n i t r i c  
120  OEG. i z a t i o n ,  the-primary zone i s  d r i v e n  toward s t o i c h i o -  
c l e a r l y  lead ing  t o  an increase i n  t h e  n i t r i c  ox ide 
and u l t i m a t e l y  t o  a d d i t i o n a l  carbon monoxide. Such 
a t r e n d  has been exper imenta l l y  measured by 
Buchheims f o r  t h e  regenerated automotive gas t u r b i n e  
R H - 1 . 0  m e t r i c  w i t h  an a t tendant  increase i n  temperature 
120 OEG. F .  1 RH-0. 0 
Figures 20 through 22 show t h e  emission i n d i c e s  
f o r  an o v e r a l l  f u e l - a i r  r a t i o  o f  0.011 again us ing  
reac t ions  R1 through R17. I n  t h i s  s i t u a t i o n  t h e  
pr imary zone i s  near s t o i c h i o m e t r i c  and t h e  e f f e c t  
o f  re ta rded vapor iza t ion  i s  t o  make i t  l e a n e r  thus 
decreasing t h e  flame temperature. 
emissions a r e  thereby lowered and t h e  carbon mon- 
ox ide emissions a l s o  decrease. If r e a l i s t i c  SMD's 
are chosen aoain t h e  hydrocarbon and n i t r i c  ox ide 
The n i t r i c  ox ides 
0. 
10. 20. 30. 40. 50. 60. 70. 80. 90. 
55M" 
_. .Y 
Figure 17. Hydrocarbon Emissions-17 Step Scheme, 
.015 Fue l -A i r  Rat io  
emission i n d i c e s  show t h e  proper  t r e n d  w h i l e  t h e  
carbon monoxide emission index on t h e  h o t  wet day i s  
always t o o  low. 
PRESSURE RATIO - 2 . 0  120 OEG. F 
FUEL-AIR R A T I O  - 0.015 R H - 1 . 0  
-20  OEG. F 
RH-0.0 
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Figure  18. Carbon Monoxide Emissions - 1 7  
Step Scheme, .015 Fue l -A i r  Rat io  
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Figure 19. N i t r i c  Oxide Emisssions - 17 
Step Scheme, .015 Fue l -A i r  R a t i o  
As t h e  experimental data showed t h a t  a consid-  
e rab le  q u a n t i t y  of n i t r o g e n  d i o x i d e  was present  i n  
the oxides o f  n i t r o g e n  t h e  k i n e t i c  scheme was ex- 
panded i n  an at tempt  account f o r  i t s  p roduc t ion .  
F igures 23 through 25 show t h e  emission data f o r  a 
f u e l - a i r  r a t i o  o f  0.015 us ing  t h e  R1 through R22 
k i n e t i c  scheme. For  these cond i t ions  t h e  n i t r o g e n  
d i o x i d e  can be made t o  account f o r  approx imate ly  
20% o f  the oxides of n i t r o g e n  w h i l e  i t  was measured 
t o  be near 50%. The hydrocarbon and oxides of 
n i t r o g e n  emission i n d i c e s  show t h e  proper  t r e n d  
w i t h  ambient c o n d i t i o n s  (when a p p r o p r i a t e  SMO's a r e  
used) w h i l e  t h e  carbon monoxide i s  again t o o  low on 
t h e  h o t  wet day. 
I f  t h e  c a l c u l a t i o n s  a r e  extended t o  l a m e r  SMD's 
the coupled model p r e d i c t s  an abrupt  increase i n  t h e  
carbon monoxide emission index as seen i n  F i g .  26. 
Th is  corresponds t o  t h e  e x t i n c t i o n  o f  t h e  flame i n  
t h e  secondary zone because o f  t h e  f a i l u r e  o f  t h e  
drops t o  evaporate. The i t e r a t i v e  scheme converges 
t o  a nonburning s o l u t i o n .  A l though t h e  change 
occurs q u i t e  r a p i d l y  w i t h  SMD t h e  a d d i t i o n  of 
inhomogenit ies w i t h i n  t h e  combustor would produce a 
lesser  g r a d i e n t  as shown i n  Buccheim's 
ments. 
measure- 
Under leaner  c o n d i t i o n s  o f  a f u e l - a i r  r a t i o  o f  
0.007 t h e  PSR i n  t h e  Coupled model does n o t  i g n i t e  
f o r  t h e  c o l d  and wet days unless smal le r  drops a r e  
chosen o r  t h e  r a t e  cons tan t  R1 i s  increased. The 
slow r a t e  o f  vapor iza t ion  lowers t h e  PSR equiva lence 
r a t i o  below t h e  f lammabi l i t y  l i m i t .  If t h e  pr imary  
zone i s  modelled as a smal le r  PSR fo l lowed by a PFR 
t h e  t o t a l  volumes of which equal t h e  o r i g i n a l  PSR, 
as t h e  PSR volume i s  decreased i g n i t i o n  w i l l  occur. 
However, a t  present  emissions computed under these 
cond i t ions  do n o t  r e f l e c t  t h e  experimental data. 
L i n e r  Model 
The carbon monoxide concent ra t ion  i n  an a c t u a l  
combustor i s  observed t o  peak i n  t h e  w a l l  r e g i o n  as 
f o r  example shown by t h e  measurements of WolterslO. 
I t s  o x i d a t i o n  r a t e  i s  reduced here because o f  t h e  
lowered l o c a l  temperature. Through t h e  use o f  non- 
homogenous reg ions  i n  t h e  combustor i t  i s  p o s s i b l e  
t o  use a r a t e  constant  f o r  r e a c t i o n  R2 which i s  
CocPtEn MODEL 
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F igu re  20. Hydrocarbon Emissions-17 Step Scheme, 
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Figure 23. HC Emissions - 22 Step Scheme, 
.015 F u e l - A i r  R a t i o  
300. COUYLtU MODEL 1 -\ PRESSURE R A T I O  . 2 . 0  FUELAIR w r i o  . 0 . 0 1 1  
b1 = 3.5 
250. I \ 
120 OEG. F .  
RH-0. 0 
120 OTG. F. 
RH.I.0 
100. J 
0. 20. 40. 60. 80. 100. 
SMD 
F igu re  21. Carbon Monoxide Emissions - 17 
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F igu re  24. Carbon Monoxide Emissions - 22 
Step Scheme, ,015 Fue l -A i r  Ra t io  
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Figure  26. Carbon Monoxide Emissions - 
Large Fuel Drops 
l a r g e r  and i n  b e t t e r  agreement w i t h  t h a t  i n  t h e  
l i t e r a t u r e .  The coupled model has been mod i f i ed  t o  
a l l ow  t h e  PSR exhaust t o  feed i n t o  a t h i n  l ean  
l i n e r  reg ion  and a l a r g e  r i c h e r  co re  region. 
present the  PSR exhaust d ivers ion ,  t h e  secondary and 
d i l u t i o n  a i r  d ivers ion ,  and t h e  l i n e r  and core  reac-  
t o r  volumes a r e  i n p u t  t o  t h e  model. These quan t i -  
t i e s  a re  c l e a r l y  r e l a t e d  t o  can aerodynamics. Rea- 
sonable est imates fo r  these q u a n t i t i e s  do, however, 
y i e l d  r e a l i s t i c  l e v e l s  o f  carbon monoxide as shown 
i n  Table V .  
TABLE V. PRELIMINARY RESULTS OF THE NEW MODEL 
A t  
Cond i t ion  
PR = 2, f / a  = 0.015, c o l d  d ry  day 
R l - R Z O ,  bl = 8.5,  b2 = 6.6 
I n  t h e  New Model: 
Core rad ius  i s  93.5% o f  can rad ius  
5% PSR exhaust feeds i n t o  l i n e r  
20% o f  sec., d i l .  a i r  feeds i n t o  l i n e r  
E I - H C  E I - C O  E I - N O  EI-NOx 
Coupled Model 7.2 3.91 0.36 0.15 
New Model 24.9 29.77 0.43 0.15 
Experiment 25.0 95.0 0.70 0.80 
Conclusions 
Measurements of t h e  l o c a l  f u e l - a i r  r a t i o s  w i th -  
i n  a JT8D-17 combustor can show a h igh  degree o f  
non-uni formity which cou ld  a f f e c t  t h e  emissions s ig -  
n i f i c a n t l y .  The magnitudes and t rends  of emissions 
w i t h  va ry ing  ambient cond i t i ons  have been reasonably 
p red ic ted  us ing  a f i n i t e  vapor i za t i on  r a t e  s t i r r e d  
reac to r  model. The model shows t h a t  t h e  fue l  spray 
c h a r a c t e r i s t i c s  s i g n i f i c a n t l y  a f f e c t  the  emissions. 
B e t t e r  exper imertal  data i s  requ i red  r e l a t i n g  t o  
t h e  spray cha rac te r i za t i on ,  combustor can aerody- 
namics, and t h e  behavior o f  t h e  pr imary zone under 
lean combustion cond i t ions .  
v 
The authors would l i k e  t o  express t h e i r  appre- 
c i a t i o n  t o  N .  Marchionna o f  Avco Lycoming and D.T. 
P r a t t  o f  The U n i v e r s i t y  o f  Michigan f o r  generously 
making a v a i l a b l e  copies o f  t h e i r  computer programs. 
The e f f o r t s  o f  J .  Drax le r  i n  o b t a i n i n g  the  exper i -  
mental da ta  were a l s o  s i g n i f i c a n t .  
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